Introduction
============

Erythropoietin (EPO) is a glycoprotein produced in the kidneys of adults that potentiates the number of red blood cells by ensuring the survival of erythroid progenitor cells. EPO stimulates the differentiation and proliferation of these cells via binding to the EPO receptor through oxygen-dependent regulation \[[@B1]-[@B3]\]. Several studies have shown that EPO, acting as an immunomodulator, ameliorates various types of inflammation, including organ-specific autoimmune diseases \[[@B1]\], brain ischemia \[[@B1], [@B4], [@B5]\], and spinal cord injury \[[@B6]\]. However, EPO treatment is also implicated in the adverse production of unwanted excess erythrocytes \[[@B7]\]. To this end, tissue-protective EPO derivatives (e.g., carbamyl EPO), which have less of an adverse effect on erythropoiesis, have been studied \[[@B1]\] in order to specifically investigate the induction of the non-haematopoietic tissue-protective capabilities of EPO. EPO has also been shown to deleteriously inhibit macrophage function in bacterial-infected animal models \[[@B2]\]. Thus, the role of EPO is unique depending on the type of inflammation in *in vivo* models. Although it has been suggested that EPO has beneficial effects in autoimmune disease models \[[@B8]-[@B10]\], a cumulative review on the role of EPO in organ-specific autoimmune diseases has not yet been published.

Experimental autoimmune encephalomyelitis (EAE), a model of central nervous system (CNS) demyelinating multiple sclerosis (MS), is a prototype of organ-specific autoimmune diseases. It is characterized by the proliferation of antigen-specific autoimmune T-cells in peripheral immune tissues, the circulation of T-cells in the blood, the homing of autoimmune T-cells with classical M1 macrophages in the target organ (i.e., spinal cords), antigen presentation in the target organ, and the elimination of T-cells via apoptosis \[[@B11]-[@B14]\]. During the process of T-cell infiltration, regulatory T-cells and alternatively-activated M2 macrophages also infiltrate the target organ \[[@B15]\]. Because the immunomodulatory roles of regulatory T-cells and M2 macrophages operate in conjunction with the induction of inflammation, these cell types may contribute to the amelioration of inflammation through the secretion of anti-inflammatory mediators. During autoimmune disease in the CNS, neurons and glial cells would be affected by cytokines secreted from inflammatory cells as well as by oxidative stress \[[@B16]\]. Of these cells, some are destroyed while others persist via the expression of cytoprotective enzymes including heat shock proteins (HSP) \[[@B17], [@B18]\], osteopontin \[[@B19]\], and EPO \[[@B20]\]. Thus, a therapeutic target would be the decrease of pro-inflammatory cytokines and/or the increase of cytoprotective factors that have antioxidant and neuroprotective capacities.

Experimental autoimmune neuritis (EAN), a model of the human autoimmune disorder known as Guillain-Barré syndrome (GBS), is induced by the sensitization of neuritogenic antigens in susceptible animals \[[@B21]-[@B24]\]. Following immunization of the neuritogenic antigen, the pathogenesis of EAN is characterized by the proliferation of autoreactive T-cells, the migration of T-cells and bystander macrophages in peripheral nervous system (PNS) tissues, and the induction of PNS paralysis \[[@B23], [@B24]\]. The pathogenesis of EAN is similar to that of EAE although the target organs in EAN are various tissues in the PNS rather than the CNS.

The aim of the present review was to discuss the role of EPO in the course of the autoimmune disease models of EAE \[[@B11]\] and EAN \[[@B25]\], which are associated with human CNS-demyelinating MS and PNS-demyelinating GBS, respectively.

EPO-Inducible Signal Pathways
=============================

The structure and signal networks of EPO and EPO receptors *in vitro* are well summarized in previous review papers \[[@B2], [@B26]\]. There is general agreement that, under low oxygen conditions, EPO production is initiated in the kidneys through the induction of transcription protein hypoxia inducible factor \[[@B2]\]. EPO, via binding with its receptor, is known to repress nuclear factor-kappa B (NF-kB), an important transcription factor in the production of pro-inflammatory cytokines, including interleukin (IL)-1, IL-6, tumor necrosis factor (TNF)-alpha, and inducible nitric oxide synthase (iNOS). Of course, several other signal pathways are also involved, including mitogen-activated protein kinases (MAPK) and phosphatidylinositol 3-kinase (PI3K) \[[@B2]\]. The EPO receptor has been detected in a variety of tissues, including the CNS, the PNS, heart, lungs, kidneys, pancreas, liver, and immune organs, suggesting that EPO may function in all organs through the binding of EPO receptors \[[@B26], [@B27]\]. Considering that EPO represses NF-kB, a key signal in the production of pro-inflammatory cytokines in EAE \[[@B28], [@B29]\], it is believed to have an anti-inflammatory role despite the adverse side effect of excess erythropoiesis.

Possible Involvement of EPO in Organ-Specific Autoimmune Neurological Diseases
==============================================================================

When considering pathogenic factors in the course of autoimmune diseases, including EAE \[[@B12]-[@B14]\] and EAN \[[@B21], [@B22]\], the blocking and/or suppression of each step is recommended to inhibit progression of the disease. Because the majority of T-cells in target organs are primed in PNS immune systems, it is assumed that T-cells are eliminated through apoptosis in these organs \[[@B30]\]. Thus, treatment strategies for autoimmune diseases generally consist of 1) the suppression of autoimmune T-cells \[[@B31], [@B32]\], 2) blocking the homing of autoimmune T-cells into the target organs \[[@B33]\], 3) generation and activation of anti-inflammatory factors such as regulatory T-cells and M2 macrophages \[[@B15], [@B34], [@B35]\], and 4) neuroprotection of target organ cells, even though the infiltration of some inflammatory cells is possible \[[@B12]-[@B14], [@B36]\]. Thus, the application of EPO, which has both neuroprotective and immunoregulatory capabilities, may act as a beneficial factor in organ-specific neuroinflammation models.

Suppression of Immune Cells by EPO through the Repression of T-Cell Proliferation and Pro-inflammatory Cytokines in the Peripheral Immune Systems
=================================================================================================================================================

The generation of autoreactive T-cells is believed to play a key role in the pathogenesis of autoimmune diseases, including EAE \[[@B12]-[@B14]\] and EAN \[[@B21], [@B22]\]. It has been found that EPO treatment in mice with EAE \[[@B37]\] and Lewis rats with EAN \[[@B10]\] following the immunization of organ-specific antigens leads to a significant suppression of the proliferation of autoimmune T-cells. In myelin oligodendrocyte glycoprotein (MOG)-induced EAE in mice, EPO treatment has direct immunomodulatory effects within the peripheral lymphoid tissue via the significant reduction of all subsets of inflammatory cells. This includes CD4+ and CD8+ T-cells, CD11c+ dendritic cells, and major histocompatibility complex (MHC) class I and class II cell expression in the draining inguinal lymph node cells \[[@B37]\]. A decreased number of mononuclear cells in peripheral lymphoid tissues is associated with a decreased production of pro-inflammatory cytokines such as IL-6, TNF-alpha, IL-2, and interferon (IFN)-gamma either from T-cells and/or macrophages. Conversely, EPO treatment induces the expansion of peripheral regulatory T-cells in MOG-EAE mice, which counteracts the action of pro-inflammatory encephalitogenic T-cells. The suppressive effect of EPO in pro-inflammatory cytokine production (either TNF-alpha, or IFN-gamma, IL-1 beta, IL-17, etc.) has also been identified in the spinal cord and peripheral lymphoid tissues in mouse EAE models \[[@B38], [@B39]\]. Furthermore, EPO reduces the expression of MHC-II cells on peripheral antigen presentation cells \[[@B39]\]. Together, these findings suggest that EPO directly interrupts two important steps for the induction and progression of autoimmune diseases in peripheral immune systems; T-cell proliferation and antigen presentation.

The increased level of EPO in EAN rat tissues has been studied using immunohistochemical techniques, suggesting that EPO is endogenously produced in EAN tissues \[[@B36]\]. As for the role of EPO in T-cell proliferation, *in vitro* experiments has revealed that proliferation of T-cells was reduced in the presence of EPO \[[@B10]\]. EPO treatment in an *in vivo* rat EAN model demonstrated the induction of anti-inflammatory cytokine transforming growth factor (TGF)-beta \[[@B10]\], which agrees with the findings of studies investigating EPO in EAE. Thus, it is highly possible that EPO treatment in EAN, either endogenously or exogenously, may influence the suppression of T-cell proliferation and subsequent decreases of pro-inflammatory cytokines.

The possibility that EPO suppresses inflammatory cells in target organs, in both CNS and PNS tissues, cannot be excluded. However, EPO treatment in EAE and EAN animal models may preferentially repress not only pro-inflammatory cytokines from T-cells and/or macrophages, but may also induce anti-inflammatory TGF-beta in peripheral immune systems. Thus, EPO treatment in autoimmune disease models is likely to be associated with suppression of the proliferation of autoimmune T-cells, and antigen presentation in peripheral immune tissues with multiple signal pathways, but is less relevant to CNS and PNS target organs, if at all. This may contribute to the amelioration of autoimmune inflammation, irrespective of the target organ.

Induction of Antioxidant Proteins by EPO Treatment in Brain Inflammation
========================================================================

EPO is known to induce neural heme oxygenase-1 (HO-1), also known as HSP-32, expression through the activation of PI3K, MAPK, and nuclear factor erythroid 2-related factor 2 (Nrf2) pathways *in vitro* \[[@B40]\]. Of these, HO-1 is regarded as an antioxidant stress protein that contributes to tissue protection \[[@B41]-[@B43]\]. Oxidative stress is associated with deterioration in autoimmune diseases \[[@B16], [@B44]\]. An immunohistochemical study found that HSP-27 plays an important role in recovery from EAE via tissue protection \[[@B18]\]. Following treatment with EPO in mouse models of EAE, there was a significantly higher expression of HO-1 in the CNS and spleen in conjunction with a decreased expression of pro-inflammatory cytokines, including IFN-gamma, but an increased expression of IL-4 and IL-10 \[[@B8], [@B45]\]. Nrf2, a nuclear factor involved in EPO signaling \[[@B40]\], has also been identified as an important antioxidant that is cytoprotective following head injury experiments in mice \[[@B46]\] and early brain injury subsequent to subarachnoid hemorrhage in rats \[[@B47]\]. Thus, it is postulated that EPO induces antioxidant activity through the upregulation of HO-1 and Nrf2, and suppresses levels of pro-inflammatory cytokines. These actions probably contribute to the modulation of immune cells in the CNS and PNS that result in the protection of neurons in EAE models \[[@B48], [@B49]\].

Protection of Neurons by EPO in Neuroinflammation
=================================================

EPO is produced in a variety of cell types, including neurons and glial cells, of normal nervous tissues \[[@B50], [@B51]\]. Following CNS injury, EPO is stimulated with hypoxia-inducible factors, and has been found to be activated and to protect neurons after ischemia-reperfusion injury in animal models \[[@B5], [@B52]\]. With the immunization of organ-specific antigens, semi-quantitative analysis has demonstrated that the expression of EPO is upregulated in the CNS \[[@B20]\] and in the PNS \[[@B36]\], which may contribute to the protection of neurons either by paracrine or autocrine mechanisms. Furthermore, EPO has been immune-detected in neurons, glial cells, and macrophages in EAE \[[@B20]\] and EAN \[[@B36]\] models. In EAE models, there is no doubt that neurons and glial cells exhibit an increased immunoreactivity of EPO, but the influence of EPO on macrophages requires further analysis. In these models, the co-localization of EPO with either IFN-gamma or TNF-alpha reciprocally inhibits their production in neurons and glial cells \[[@B35]\], and this suppression may contribute to the neuroprotective capabilities of EPO. The involvement of EPO with macrophages in EAE remains under debate.

There are two different phenotypes of macrophages: classically-activated M1 macrophages and alternatively-activated M2 macrophages \[[@B53], [@B54]\]. In the case of spontaneous recovery from paralysis in rat EAE models, there is a predominance of M2 macrophages expressing arginase-1, which is a marker for the M2 phenotype \[[@B55]\]. Regarding its role in macrophages, EPO suppresses pro-inflammatory iNOS \[[@B20], [@B55]\] and negatively activates macrophages, which express TGF-beta \[[@B10]\]. This indicates that EPO plays an anti-inflammatory role in extra-erythropoietic organs \[[@B2]\], just as it does in EAE animals models.

Conclusion
==========

EPO, a glycoprotein produced by the kidneys in adults, plays an important role, not only in haematopoiesis but also in immunomodulation and tissue protection. This review summarizes the potential role of EPO in organ-specific neuroinflammation models such as EAE and EAN. Based on the immunomodulatory effects and the neuroprotective capabilities of EPO, it is presented as a good candidate for the therapeutic regulation of autoimmune diseases at the induction stage. However, the adverse side effects of EPO, including excess erythropoiesis, need to be further examined by future studies so that they may be overcome.
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